The tumour microenvironment thwarts conventional immunotherapy through multiple immunologic mechanisms, such as the secretion of the transforming growth factor-β (TGF-β), which stunts local tumour immune responses. Therefore, high doses of interleukin-2 (IL-2), a conventional cytokine for metastatic melanoma, induces only limited responses. To overcome the immunoinhibitory nature of the tumour microenvironment, we developed nanoscale liposomal polymeric gels (nanolipogels; nLGs) of drug-complexed cyclodextrins and cytokine-encapsulating biodegradable polymers that can deliver small hydrophobic molecular inhibitors and water-soluble protein cytokines in a sustained fashion to the tumour microenvironment. nLGs releasing TGF-β inhibitor and IL-2 significantly delayed tumour growth, increased survival of tumour-bearing mice, and increased the activity of natural killer cells and of intratumoral-activated CD8 + T-cell infiltration. We demonstrate that the efficacy of nLGs in tumour immunotherapy results from a crucial mechanism involving activation of both innate and adaptive immune responses.
Metastatic melanoma is highly aggressive, leaving untreated patients with a median survival of less than 12 months 1 . The ineffectiveness of surgical interventions, radiation and cytotoxic chemotherapies has resulted in immunotherapy as a primary treatment modality. Approximately 5-6% of patients with metastatic melanoma will achieve durable complete remissions when treated with high doses of IL-2, a cytokine that induces or expands activation of melanoma-specific T-cell responses [1] [2] [3] . Data from clinical trials demonstrate the substantial potential for immunotherapy to provide meaningful benefit for patients with advanced melanoma 2, 3 . However, the majority of malignancies from melanoma patients remain refractory to this treatment approach.
One mechanism behind how melanomas and other cancers evade immunotherapy has been postulated to be the inability of the immune system to recognize the tumour as 'non-self' 4 . This may occur owing to the secretion of a number of immunosuppressive factors by tumour cells, including TGF-β (ref. 5 ), a pleiotropic cytokine that decreases the number and activity of natural killer (NK) cells, 6 and that reduces the activity of cytotoxic T lymphocytes 7 while increasing the number of regulatory T lymphocytes (T regs ) 7, 8 . TGF-β activity has been extensively evaluated in a number of animal disease systems, including murine tumour models 5, [8] [9] [10] . Its secretion is suspected to thwart high-dose IL-2 therapy, which is supposed to enhance NK and cytotoxic T lymphocyte activity against melanomas and renal cell cancers 11 but lacks efficacy in the majority of patients. This has led to the evaluation of strategies that counteract immunosuppressive factors secreted from tumours, including TGF-β (reviewed elsewhere 4, 7 ) . Although the exact source of intratumoral TGF-β has not been well established, the cytokine has been found at high levels in a large number of different tumours, including melanomas. It is believed that TGF-β is pivotal for tumour cell growth and differentiation, as well as for maintaining an immunosuppressive environment to protect an established tumour from the host immune response, rendering it an ideal target for cancer therapies 9, 10, 12, 13 . In particular, its suppressive effect on the number of NK cells present in tumour beds may be crucial for immune tolerance 14 , as these cells play an important role in the anti-tumour response 15 .
Little is known about the immunoprotective mechanisms behind TGF-β signalling blockade in the tumour microenvironment when administered together with an immunostimulant such as IL-2. It has been demonstrated that the combination of a TGF-β receptor-I inhibitor (LY364947) and the cytotoxic chemotherapeutic agent, doxorubicin, can be effective against pancreatic and gastric carcinomas 13 ; however, these studies did not explore the immunoprotective mechanisms behind TGF-β signalling blockade or the potential for synergizing this effect with immunostimulatory molecules such as IL-2. Given that the highdose-related toxicity of IL-2 can hamper its therapeutic benefits, newer approaches aim to reduce the administered dose by increasing the half-life of the cytokine in circulation. Some examples include fusion proteins (IL-2/Ig; ref. 16) , PEGylated (PEG is poly(ethylene glycol)) IL-2 (ref. 17) , IL-2/anti-IL-2 complexes 18 , viral and plasmid vectors 19 , and liposomal formulations 20, 21 . However, the relatively low efficacy of single-agent immunotherapies and the non-responsiveness of melanomas to chemotherapies suggested that combination immunotherapy might be effective for treating melanomas.
We therefore chose to evaluate the ability of a commercially available TGF-β receptor-I inhibitor, SB505124 (refs 7, 10, 22, 23; SB) , in combination with IL-2 to induce anti-tumour responses in the murine melanoma B16 model. Critical to the success of this combination therapy is a safe and flexible delivery platform that releases effector molecules with different physiochemical properties to tumour beds in a sustained fashion. Cytokines, including IL-2, represent a complex network of soluble proteins critical for immunological and effector cell function. In a similar fashion, small molecule hydrophobic drugs, such as TGF-β antagonists, represent a class of pleiotropic immunomodulators that can overcome barriers posed by tumours to escape the immune response. The sustained local delivery of these agents, in combination, can induce localized therapeutic immune responses while reducing the immune-resistant nature of the tumour microenvironment.
The initial goal of this study is to determine the efficacy of simultaneous, sustained release of IL-2 and SB against tumours. Given the vastly different physiochemical properties of IL-2, a soluble 17 kDa protein, and SB, a small hydrophobic drug (Log P = 4.33), coencapsulation for sustained release of both agents presents a challenge for conventional particle technologies. For example, liposomes are easily modified for encapsulation of small hydrophilic molecules, and have long been used for delivery of hydrophilic and amphiphilic drugs such as doxorubicin to tumours 24 and even proteins, but the stability of these formulations and the release profiles of encapsulated agents are not easily controlled 25 . Biodegradable solid particles, on the other hand, such as those fabricated from poly(lacticco-glycolic acid; PLGA), are highly stable and have controllable release characteristics, but pose complications for facile encapsulation and controlled release of therapeutic cytokines 26 or for combinatorial delivery, and have lagged in their utility owing to relatively poorer biodistribution and clearance 24, [26] [27] [28] [29] [30] . Combined synergistic or additive delivery of both hydrophobic drugs and hydrophilic cytokines from either platform is difficult to achieve.
To overcome these limitations, hybrid platforms integrating features of different materials offer advantages for combinatorial encapsulation and delivery. One example is in core-shell systems, in which an organic or inorganic mesoporous or nanoporous core, entrapping molecules of interest, is coated with a lipid or polymer shell. Such hybrid systems can enhance encapsulation and release of a wide variety of agents, such as small-molecule drugs, proteins and nucleic acids, while promoting favourable pharmacokinetics and biodistribution of the encapsulant [31] [32] [33] [34] . In this work we developed a biodegradable core-shell platform that combines features of both liposomal and solid polymer systems, that enables sustained and simultaneous release of both hydrophobic drugs and hydrophilic cytokines, and that incorporates the advantageous pharmacokinetic properties of PEGylated liposomes. We demonstrate that the sustained delivery of both IL-2 and SB from this system induces potent anti-tumour immune responses in a B16/B6 mouse model of melanoma after intratumoral or systemic administration. Furthermore, we show induction of remission with this combination therapy through activation of the innate and adaptive arms of the immune response, with the innate arm playing a critical role in mediating anti-tumour activity in vivo.
nLG design for co-delivery of TGF-β inhibitor and IL-2
We term the delivery vehicle a 'nLG' particle owing to its nature as a lipid bilayer surrounding a hydrogel core fabricated from a degradable polymer (Fig. 1) 35 . Liposomes were used as nanoscale molds for photo-initiated hydrogel formation 30, 36 . To achieve sustained release of the hydrophobic drug in conjunction with encapsulated proteins, we incorporated methacrylate-conjugated β-cyclodextrins (CDs; refs 37, 38) into the interior of the liposomes. β-CDs have a long history as solubilization agents for hydrophobic compounds, and are key excipients in various pharmaceutical formulations 37, 38 . This formulation procedure thus enabled co-encapsulation of both proteins as well as small hydrophobic drugs within the interior of the lipid bilayer (Fig. 1) . Conjugated CDs were created by reaction of succinylated-CDs with photosensitive methacrylate groups through hydrolysable ester groups (Supplementary Fig. S1a; ref. 36 ). Complexation of SB or rhodamine (for imaging) with functionalized CD (f-CD) was verified using 1 H NMR ( Supplementary Fig. S1b,c) . The f-CD becomes covalently bound to the liposomeencapsulated polymer matrix during photoinduced polymerization, thus the SB can only be released on f-CD/SB hydrolysis of the polymer ester groups and subsequent diffusion out of the nLG, enabling sustained release compared to the burst-dominated release of SB in the absence of gelled CD (Supplementary Fig. S2a ). This system enabled control over the release of remotely loaded IL-2 without compromising its bioactivity ( Supplementary Fig.  S2b ). Loading of IL-2 in the polymer-hydrogel space outside of the CD enabled simultaneous release of both protein and drug (Fig. 2a) . The decreased total release of both components (Fig. 2a) compared with single-component release ( Supplementary Fig. S2a,b) was probably due to steric limitations within the interior of the nLG, or decreased loading efficiency of SB and IL-2. The release profile of SB/IL-2-loaded nLGs was not altered by incubation in serum ( Supplementary Fig. S2c ), and release was substantively completed by seven days (Supplementary Fig. S2d,e) .
To demonstrate the impact of polymerization in the nLG on the release profile of SB and IL-2 we compared release kinetics of both agents with release from liposomes and solid PLGA nanoparticles encapsulating both agents. Incorporation of photo-cured polymer in the nLG vehicle enabled a more sustained release of SB compared with liposomes, and a more complete release compared with conventional 50:50 (PLGA nanoparticles) of the same diameter ( Supplementary Fig. S2d ). The release kinetics of the drug is seen to be intermediate between the diffusion-dependent release kinetics from liposomes and the hydrolysis-dependent release kinetics from PLGA. Comparative cumulative release of IL-2 from liposomes, nLGs, and PLGA nanoparticles demonstrated that encapsulation of IL-2 in nLGs enabled better-sustained release of cytokine ( Supplementary Fig. S2e ).
The bioactivities of the SB (Supplementary Fig. S3a ) and IL-2 ( Supplementary Fig. S3b ) were unaffected by nLG incorporation. Encapsulation of IL-2 (80%) and/or drug (36%) ( Supplementary Fig. S4C ) did not significantly affect the nLG diameter; dynamic light scattering analysis revealed a mean diameter of 120 nm and polydispersity index of 0.2 ( Supplementary Fig. S4a ). Liposomes and nLGs incorporating amine-terminated PEGylated phosphatidyl ethanolamine (PEG-PE) demonstrated a neutral zeta potential, compared to the −22 ± 10 mV zeta potential of liposomes formulated with only phosphatidyl choline and cholesterol ( Supplementary Fig. S4b ). Cryotransmission electron microscopy of nLGs showed the formation of spherical liposomal structures ( Supplementary Fig. S4e ), detectable by light scattering even after disruption of the liposomal exterior by detergent ( Supplementary Fig. S4f ), validating an inner gel core with approximately the same diameter as the intact nLG. The in vitro cytotoxicity of this system was negligible ( Supplementary Fig. S5 ).
nLG in vivo safety and toxicological profile
To examine the in vivo safety of nLG particles, C57/BL6 mice were administered a single intravenous dose of nLGs and acute toxicology was measured seven days later. No statistically significant toxic effects were observed from the administration of empty nLGs, or nLGs co-encapsulated with SB505124 (SB) or IL-2. No hepatoxicity was observed, as measured by serum levels of alkaline phosphatase ( Supplementary Fig. S6a ) and alanine aminotransferase ( Supplementary Fig. S6b ). Normal physiological reference ranges given by the IDEXX VetTest system for mouse alkaline phosphatase and alanine aminotransferase were 62-209 IU/L and 28-132 IU/L, respectively. Furthermore, no renal toxicity was observed, as blood urea nitrogen levels were within the normal mouse reference range of 18-29 mg dl −1 ( Supplementary Fig. S6c ). A complete blood count was also performed to identify any haematological toxicity. Leukocyte counts ( Supplementary Fig. S6d S6g ). Bronchiolar and alveolar structures seemed normal, and no disruption to epithelial layers or inflammatory infiltrates were observed in lung sections. Serum IL-4 ( Supplementary Fig. S6h ), a proxy for potential allergic responses, and tumour necrosis factor-α (TNF-α; Supplementary Fig. S6I ) for inflammatory responses were measured, and no statistically significant increases in these cytokines were detected with empty nLG treatment compared to buffer. However, IL-4, but not TNF-α, was elevated after administration with nLGs-encapsulating SB and IL-2. This is to be expected because IL-2 can play a dominant role in stabilizing the IL-4 gene, and thus may enhance the in vivo priming of IL-4 production 39 .
In vivo systemic biodistribution and clearance of nLGs
To investigate the biodistribution and clearance of this platform, we used CD-solubilized rhodamine as a fluorescent surrogate marker model for SB; rhodamine complexation with CD had been previously used to qualify guest-host interactions with CDs (refs 40, 41) and was confirmed here by 1 H NMR ( Supplementary Fig. S1 ). The in vivo pharmacokinetics of rhodamine following systemic administration was evaluated in healthy mice receiving a single intravenous administration of rhodamine-loaded nLG (nLG-rhod), an equivalent dose of free rhodamine, or phosphate-buffered saline (PBS) control via tail-vein injection. Spectrofluorometric analysis of rhodamine extracted from blood showed 15.7 ± 4.1% and 7.7 ± 3.7% (mean ± s.d.) of the initial dose of nLG remaining at 1 and 24 h, respectively, post-injection (Fig. 2b) . Free rhodamine was rapidly cleared and was not detectable in blood at any of the time points taken following injection. Analysis of the biodistribution to major organs showed that the lungs, liver and kidney were primary sites of accumulation of both nLG-encapsulated rhodamine and free rhodamine (Fig. 2c ). Encapsulation in nLG increased both the total initial dose to most tissues as well as the cumulative dose over three days (Fig.  2c ).
To understand nLG-mediated delivery in the tumour microenvironment after a local injection, nLG-rhod was injected peritumorally, and accumulation was evaluated by comparative measurement of rhodamine concentrations in tumours versus peritumoral tissues (Fig. 2d) . The pharmacokinetic profile suggested sustained delivery of drug from the localized depot of nLG: at 24 h after peritumoral administration, only 3 ± 1% of the initial dose had penetrated into the tumour mass, and 36 ± 17% of the initial dose remained in the surrounding tissues (Fig. 2d) . Over the course of seven days, the cumulative rhodamine concentration in the tumour increased to 25 ± 0.5% of the initial dose, while total rhodamine concentration in the peritumoral tissue decreased to 4 ± 2% of the initial dose (Fig. 2d) . Because the diffusion profiles of SB, IL-2 and rhodamine are not identical (Supplementary Figs S2d,e and S7c, respectively) the kinetics and level of accumulation of IL-2 and SB in the tumour may be slightly different from those observed with the fluorescent surrogate.
Intratumoral and systemic nLG therapy
We evaluated the effects of IL-2 and TGF-β antagonist monotherapies to enhance the antitumour responses against B16 melanomas. As encapsulation in nLGs decreased clearance of free drug and improved biodistribution (Fig. 2b,c) , localized therapy of subcutaneous tumours was evaluated first to assess therapeutic efficacy. Weekly intratumoral administration of soluble SB alone failed to delay tumour growth (Fig. 3a) , consistent with previous results using LY364947 in preclinical prostate and animal cancer models 13 . A similar null effect was observed when both soluble SB and IL-2 were co-administered in weekly doses (Fig. 3a) . The nLG-encapsulated SB administered individually (nLG-SB) significantly delayed tumour growth (Fig. 3a) , resulting in mice with smaller tumours after one week of therapy (Fig. 3b) . Although nLG-encapsulated IL-2 administered individually (nLG-IL-2) did not significantly delay tumour surface area (Fig. 3a) , the tumour masses at one week, which take into account inwards tumour penetration, were significantly smaller than those of tumours in the control group (Fig. 3b) . These results are in accord with prior studies demonstrating the efficacy of sustained release of either IL-2 or small molecules inhibiting TGF-β signalling over pulses of these agents for enhancement of anti-tumour responses 13, 21 . When comparing all treatment groups, the most striking and significant reduction in both tumour growth rate and tumour mass after one week of therapy was observed in the mice receiving simultaneous sustained delivery of SB and IL-2 (Fig. 3a,b) .
Tumour size in treated and untreated mice correlated with their survival. Administration of soluble SB or SB in combination with IL-2 did not improve survival over untreated controls, whereas nLG formulations of IL-2 or SB alone modestly increased average survival times (Fig. 3c) . In contrast, the nLG-delivered combination immunotherapy dramatically increased survival (Fig. 3c ). As observed with the tumour kinetics data, administration of particles releasing each agent slightly improved survival; however, mice receiving combination therapy via particles releasing both agents demonstrated markedly smaller tumours and longer survival compared to the other treatment groups. Of the animals receiving nLG-SB + IL-2, 100% survived through the study endpoint at 35 days after initial tumour implantation. Complete tumour regression and survival was observed in a cohort (40%) of the group through 60 days (not shown).
A significant unmet need is improved biodistribution of short-lived cytokines 11, 21 and hydrophobic drugs 42, 43 in the treatment of distant metastatic tumours. We therefore evaluated the effect of systemic nLG therapy against highly aggressive B16 lung metastases. It has previously been shown that intravenous injection of B16 cells results in rapid metastatic tumour growth in the lungs of B6 mice 5, 44 . Furthermore, genetically modified mice containing T cells resistant to TGF-β signalling abrogated the development of metastatic B16 melanoma deposits in the lungs 5 , providing additional motivation for assessing TGF-β blockade with and without IL-2 therapy in this tumour model. In this study, treatments were given by tail-vein injection, and were initiated one week after cell injection to assess efficacy against growing tumours. As was the case in subcutaneous tumours, maximum survival benefit was observed in the group receiving the nLGencapsulated combination therapy; Mantel-Cox analysis demonstrated a statistically significant (P < 0.01) increase in survival over animals receiving saline alone (Fig. 3d) . A small cohort (50%) of animals receiving nLG-SB + IL-2 survived through the study endpoint at 45 days. To examine the effect of treatment on tumour burden, animals were sacrificed two weeks after initial treatment, and whole lung samples inspected visually for melanoma deposits. Administration of soluble SB with or without IL-2 co-therapy failed to reduce the number of lung tumours at three weeks (Fig. 3e) . Maximum tumour burden reduction was observed in animals receiving the nLG-delivered combination therapy (Fig.  3e,f) .
Comparative biodistribution was repeated in mice bearing B16 metastatic lung tumours. To assess trafficking of the particles versus trafficking of the payload, we used dual-labelled nLGs formulated by incorporating fluorescein-labelled PEG-phosphoethanolamine into the lipid membrane of rhodamine-loaded nLGs (Fig. 3g) . Fluorescein-labelled PEG did not interfere with detection or release of rhodamine ( Supplementary Fig. S7b,c) . Mice with lung tumours received a single intravenous (tail vein) dose of dual-labelled nLG. B16 metastases were often visible as 0.5-2 mm irregular nodules (yellow arrows) under bright-field observation, whereas the fluorescein-labelled lipid of the delivery vehicle (green) and rhodamine (red) were detected under fluorescent filters up to 24 h post administration (Fig. 3h ). Fluorescent detection of lipid was significantly diminished by four days after administration (Fig. 3h ).
Localization and delivery in the tumour microenvironment
To test for accumulation of nLG and drug in distant tumours beyond lung tissue following intravenous injection, biodistribution experiments were repeated in mice bearing distant subcutaneous tumours and in mice with metastatic lung melanoma. In one cohort inoculated with subcutaneous tumours following nLG intravenous injection, lipid and rhodamine concentrations were quantified in the tumour and in homogenized tissues at various time points after administration. Peak tumoral concentrations of lipid and rhodamine, 8.8 ± 4.0% and 2.5 ± 0.8% per gram of tumour, respectively, were observed one day after administration (Fig. 4a) . In another cohort, after intravenous injection in mice bearing metastatic melanoma, an analysis of all tissues confirmed biodistribution patterns that were similar for both the lipid and rhodamine components of the nLG system ( Supplementary  Fig. S7d,e) , indicating that the drug payload was associated with the particles during biodistribution. Imaging the subcutaneous tumour cohort with time-resolved two-photon laser scanning intravital microscopy after nLG intravenous injection validated trafficking of nLGs and payload within the vasculature of tumours. Accumulation of fluorescein-labelled nLGs along the vasculature was detected both in the areas surrounding tumours (Fig. 4b) as well as within the tumour itself within 30 min post-intravenous injection (Fig. 4c) . Particle trafficking in the tumour vasculature (green) was accompanied by an increase in the encapsulant (red) fluorescence in the tumour microenvironment (Fig. 4d) . Extravasation of rhodamine was evident in the interstitial spaces between tumour cells outside of the vasculature (Supplementary Fig. S8 ).
Activation of innate and adaptive immunity
To elucidate the immunologic mechanisms behind the synergistic therapeutic effects of the sustained release combination therapy and the relative contribution of each agent delivered as monotherapies, tumour-infiltrating lymphocytes (TILs) were harvested and evaluated in mice euthanized one to two weeks after the initial therapeutic dose. This time point was chosen based on when mice in all groups had developed either subcutaneous tumours of sufficient size (up to 10 mm in the greatest dimension), or sufficient numbers of lung tumours (more than five), to isolate adequate number of TILs for analysis. Administered in nLGs alone or in combination with SB, IL-2 increased both the percentage (Fig. 5a , middle panel) and absolute numbers (Fig. 5c,d ) of activated CD8 + T cells in tumours with minimal impact on overall CD4/CD8 ratios and T regs , results that were consistent with reported clinical outcomes 3 . Representative histological images of tumours showed that IL-2 significantly increased lymphocyte infiltration into tumours (Fig. 5b) . Sustained administration of this cytokine also increased activated CD8 + : T reg ratios in TIL populations (Fig. 5e ).
These data, however, did not fully explain the observed results in mice receiving particles releasing both IL-2 and SB (Fig. 3) , suggesting that another mechanism may be involved in the enhanced anti-tumour effects observed in the treated mice. As TGF-β can also regulate NK cell number and function 14 , we evaluated whether this cell type involved in the innate arm of the immune system was present in TILs. In stark contrast to the relative number of TIL T regs observed in all tumour-bearing mice, sustained administration of SB in combination with IL-2 resulted in substantially increased percentage (Fig. 6a ) and absolute numbers (Fig. 6b,c) of NK cells present in tumour beds compared to groups receiving either 'empty' particles or particles releasing either IL-2 or SB alone. To validate that the therapeutic benefit observed in mice treated with particles releasing both agents was NK-dependent, studies were performed in NK-depleted mice. NK1.1 antibodies were used to deplete mice of NK cells (Supplementary Fig. S9 ; ref. 14) , and tumour cells were injected in NK-depleted mice and mice retaining NK cells. Mice were again euthanized one week after the initial treatment, and tumour masses were measured. NK depletion did not affect the sizes of tumours in mice receiving particles releasing IL-2 alone (Fig. 6d) . In contrast, absence of these cells abrogated the delay in tumour growth in animals receiving particles releasing SB and IL-2 (Fig. 6d) . Interestingly, there was a modest therapeutic benefit in mice receiving particles releasing drug alone, which was abrogated by NK depletion (Fig. 6d) . We observed a modest, statistically significant increase in NK cells in the TILs of mice treated with particles releasing SB alone (Fig. 6b) . Thus, the maximum therapeutic benefit observed in mice treated with particles simultaneously delivering SB and IL-2 therapies was probably related to enhanced numbers of NK cells at the tumour site, resulting in increased effector cell populations in the tumour.
Importantly, we note that the clinical effects following systemic therapy were consistent with the results of localized therapy and drug biodistribution. We found that encapsulation in nLG increased both the initial dose to the lungs as well as dose persistence over a threeday period; on the third day after administration, 9.0 ± 0.8% (mean ± s.d.) of the initial dose of nLGs in healthy animals, 38 ± 8% in the metastatic animals, was measured in the lungs compared with 1.5 ± 0.7% of soluble drug ( Fig. 2c and Supplementary Fig. S7e ). This pharmacokinetic effect correlates with increased survival (Fig. 3d) and a significant decrease in the number of tumours (Fig. 3e) . Analysis of lung-infiltrating lymphocytes demonstrated that, as observed in subcutaneous tumours receiving intratumoral nLG-SB + IL-2 treatments, enhanced numbers of activated CD8 + (Fig. 5c) and NK (Fig. 6b) effector cells mediated tumour abrogation and increased survival. These data indicate that significant antitumour responses against metastatic melanoma can indeed be achieved by the sustained, combined delivery of a TGF-β inhibitor drug and IL-2 in a clinically relevant mode of administration.
Our results in the B16 melanoma model suggest that the difficulties in ensuring simultaneous, synergistic delivery of both labile proteins and small hydrophobic molecules can be addressed with rational engineering of a nanoscale delivery system fabricated from inert, biodegradable components with a history of use, individually, in different drugdelivery applications. This study shows that the activation of the innate arm of the immune system is a critical immunologic mechanism underlying the synergistic effects of simultaneously delivering IL-2 and SB, resulting in delayed tumour growth and enhanced survival of tumour-bearing mice. Administration of SB in combination with IL-2 stimulated the innate immune system, greatly increasing the number of NKs in tumours in mice receiving this combination. Absence of therapeutic efficacy following NK depletion demonstrated that stimulation of the innate arm by nanoparticles releasing both agents was crucial for achieving an improvement in survival in this model. Particles releasing SB, IL-2 alone or the combination also stimulated the adaptive immune system, enhancing activated CD8 + : T reg ratios. These results suggest that combination therapy can stimulate both arms of the immune system simultaneously.
Aggressive tumours such as melanoma inherently develop leaky vasculature with 100-800 nm pores due to rapid vessel formation to sustain a rapidly growing tumour. This defect in vasculature and poor lymphatic drainage results in enhanced permeation and retention (EPR) of nanoparticles within the tumour bed (Fig. 4c) , and is a form of 'passive targeting'. The basis for increased accumulation of drug-loaded nanoparticles in tumours over normal tissues is that, unlike tumour beds supplied by leaky vasculature, normal tissues contain capillaries with tight junctions that are less permeable to nanosized particles. Passive targeting can therefore result in several-fold increases in particulate concentrations in solid tumours compared to free administration of antibodies or other drugs 29 , and may explain the increased survival and effective treatment of metastasis observed after intravenous injection (Fig. 3d) . Potential strategies to further increase this survival index may include increasing the frequency of injections, dosage per injection, or inclusion of tumour retention ligands on the surface of the nanoparticle to improve the selective delivery of agents and retention in the tumour microenvironment. It is also possible that the activity of tumour-infiltrating lymphocytes and NK cells can be enhanced by the delivery of additional cytokines such as IL-15 (ref. 45) or its agonists 46 . IL-15 belongs to the IL-2 family of cytokines and can function to enhance the survival of IL-2 activated cells 45 .
Particulate formulations that can increase the cytokine half-life in circulation, but also codeliver in a sustained manner a potent pleiotropic inhibitor (TGF-β inhibitor), are thus attractive new immunotherapies. Such core-shell systems are multifunctional drug-delivery alternatives offering exciting new possibilities for combinatorial delivery, and can work synergistically in cancer therapy 31, 33, 34 . Systems engineered with a fluid lipid bilayer have desirable circulation properties, and offer the potential for targeting while enabling the delivery of agents of different physical properties. For example, in a manner similar to the nLGs, lipid bilayers circumscribing colloidal mesoporous 31 or nanoporous 34 cores may facilitate the tunable delivery of small-molecule drugs and bioactive cytokines for combined drug-delivery. Incorporation of cationic polymers such as polyethyleneimine 33 can potentially enable the delivery of complex oligonucleotides such as siRNA, which may be used to silence the tumour's immune inhibitory microenvironment, and/or plasmids that express immunostimulatory cytokines. Other platforms are also attractive for this purpose, such as crosslinked multilamellar vesicles 47 , which can be loaded with multiple agents for sustained release and stable delivery to immune cells and tumours. A critical prerequisite in platform selection for immunotherapy, however, is a complete understanding of how material composition may activate or deactivate innate/adaptive immune responses, as clearly this will dictate the magnitude and direction of the anti-tumour immune response.
Our results demonstrate a potential NK-mediated mechanism of anti-tumour activity. Thus, this work provides an essential proof-of-concept demonstration of a biodegradable nanoparticle technology that facilitates sustained delivery of hydrophilic and hydrophobic immunomodulators to enhance anti-tumour activity against subcutaneous and metastatic melanomas. This therapeutic approach warrants further preclinical evaluation, as sustained delivery of immunotherapeutics such as IL-2 and SB by hybrid, core-shell, nanoparticle technology could ultimately provide a novel, clinically relevant approach to treat metastatic melanoma patients.
Methods

Polymer synthesis
Polylactide-PEG-polylactide diacrylate was synthesized in two steps according to a previously reported procedure 35 (see Supplementary Methods).
nLG formulation
All lipids were obtained from Avanti Polar Lipids and used without further preparation. Phosphatidyl choline (PC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG) and cholesterol were mixed in chloroform in a 3:1:1 molar ratio, and liposomes were formulated using a remote loading technique 48 . Lipid-labelled fluorescent liposomes were formulated by incorporation of 10% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N -[poly(ethylene glycol)2000-N 3 -carboxyfluorescein] (DSPE-PEG-Fluorescein). Briefly, the dissolved lipids were mixed in a glass scintillation vial, followed by complete solvent removal with a directed nitrogen stream. This formed a thin lipid film on the inner glass surfaces, which was rehydrated by the addition of 1X PBS. Cycles of 30 s vortexing followed by 5 min idle sitting at room temperature were repeated 10 times, and the resulting multilamellar liposomes were extruded 10 times through a 5 μm polycarbonate membrane (Whatman), 10 times through a 1 μm membrane and finally 11 times through a 100 nm membrane using a LIPEX extruder (Northern Lipids). The resulting unilamellar liposomes were then frozen and lyophilized. Lyophilized liposomes were reconstituted with a solution containing 5% (w/v) polymer (Fig.  1 ) and 2.5 mg ml −1 Ciba Irgacure 2959 as the photoinitiator and: no other additive (nLGempty), 9 mg f-CD-solubilized SB/100 mg nLG (nLG-SB; SB505124, Sigma), 1 μg IL-2/100 mg lipids (LG-IL-2; Aldesleukin Proleukin, Novartis), or both f-CD-solubilized SB and IL-2 (nLG-SB + IL-2). CD (randomly succinylated β-CD) was functionalized with 2-aminoethyl methacrylate ( Supplementary Fig. S1 ) by stirring a 1:3 molar ratio of the compounds in 1X PBS for 1 h at room temperature. SB was incorporated into f-CD by adding the drug dissolved in methanol to the f-CD. After 20 min of vigorous stirring at room temperature to form the complexes, the methanol was evaporated with a directed stream of nitrogen. The reconstitution step proceeded with 30 min of vortexing to rehydrate the liposomes. The liposomes were then irradiated under ultraviolet light for 8 min with a BlakRay long-wave ultraviolet lamp (Model B 100) at a 10 cm working distance. Directly prior to ultraviolet irradiation, the samples were diluted five-fold to prevent macroscale gelation. The resulting nLGs were pelleted by centrifugation (5 min at 7,200 rcf) and resuspended in 1X PBS (see Supplementary Methods).
In vitro release studies and bioactivity of encapsulants
Release studies were performed at 37 °C with constant agitation in 1X PBS + 10% fetal bovine serum (see Supplementary Methods).
In vivo subcutaneous tumour studies
B16-F10 cells (ATCC) were cultured in DMEM (Gibco) and suspended at 2×10 6 cells ml −1 in 1X PBS (kept on ice) directly before injection. For subcutaneous tumour studies, female 6-8 week-old B6 albino mice were sedated with AErrane (isofluorane; Baxter) and the right hind flank was shaved before a subcutaneous injection of 50 μl of the cellular suspension. Tumours were monitored and treatment began when the average tumour area reached ~5.5 mm 2 (8-10 days after B16 injection); mice were rearranged to normalize tumour sizes across groups (see Supplementary Methods).
In vivo nLG biodistribution, toxicity and metastatic lung tumour studies
Metastatic B16 melanomas were established in female 6-8 week old B6 mice by intravenous (tail vein) administration of 50 μl of B16 cellular suspension, as previously described 5 . Treatment was initiated seven days later, with each dose consisting of 5 mg nLGs administered intravenously via tail-vein injection (see Supplementary Methods).
Time-resolved two-photon laser scanning microscopy
An Olympus BX61WI fluorescence microscope in combination with a ×20, 0.95NA Olympus objective and LaVision Biotec two-photon microscopy system was used for imaging tumour vasculature and nLG accumulation in tumours. Briefly, incisions were made to expose skin flaps surrounding subcutaneous tumours on anaesthetized C57BL/6 mice. Intravital image acquisition was started 5 min after intravenous administration of nLGs (see Supplementary Methods).
FACS analyses of TILS
A Becton Dickenson LSRII flow cytometer was used to quantify the phenotype of isolated tumour infiltrating lymphocytes (see Supplementary Methods). The percentage of immune effector cells (CD4 + , CD8 + T cells and NK cells) as well as T regs in the tumour-bearing mice was evaluated by staining for the cell-surface expression of CD4, CD8, NK1.1 and TCR-β, as well as intracellular FoxP3, as per the manufacturer's instructions (eBioscience).
Data and statistical analyses
ANOVA and paired t-tests (two-tailed) were used to analyse differences in tumour areas and masses. We used OriginPro version 8.1 (Microcal) and Prism version 5.01 (GraphPad Software) for the analyses. Survival studies were analysed using the Kaplan-Meier and Wilcoxon-Gehan tests with Origin.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The synthesis approach consists of two steps. a, In the first step, methacrylate-f-CD was used to solubilize the TGF-β inhibitor (SB505124). NHS, N-Hydroxysuccinimide. b, In the second step, nLGs were formulated from lyophilized liposomes loaded with biodegradable crosslinking polymer, acrylated-CD-SB505 complex, and IL-2 cytokine. This core-shell structure facilitated entrapment of the drug-loaded CD (blue) and the IL-2 (green) in a biodegradable polymer matrix (red) with a PEGylated liposomal coating (grey). The degradable gel consists of central water-soluble PEG groups (n = 200 repeats), lactide groups (m ~ 2.5), and terminal acrylate groups. After loading, photoinduced polymerization of the polymer and acrylated-CD results in gel formation. Mice bearing subcutaneous tumours were euthanized either when the greatest tumour dimension was larger than 15 mm or when exhibiting signs of illness. Tumour areas of deceased mice were not included after the day of death. Each group initially contained five mice, except for the nLG-SB + IL-2 group, which contained four. Error bars represent ± 1 s.d. Tumours in the nLG-SB and nLG-SB + IL-2 groups were significantly smaller when compared against all other groups from day 12 to day 22 (P < 0.05, *, for nLG-SB, and P < 0.001, * * *, for nLG-SB-IL+2, versus no treatment, soluble SB, soluble SB + IL-2, and nLG-IL-2 groups by ANOVA with Tukey's multiple comparison test). Tumours in the nLG-SB + IL-2 group were also significantly smaller than in the nLG-SB group from day 12 until day 26 (p < 0.05, #, by two-tailed ttest). b, Tumour masses of nLG-treated groups seven days after treatment. Mice were euthanized directly before tumour mass determination. Error bars represent ± 1 s.d. averaged across six (nLG-empty), ten (nLG-IL-2), nine (nLG-SB) and ten (nLG-SB + IL-2) mice. Each group initially contained ten mice. The nLG-SB + IL-2 group had significantly lower tumour masses than those of the nLG-empty (P < 0.001, * * *), nLG-IL-2 (P < 0.01, **) and nLG-SB (P < 0.01, **) groups. Tumour masses in the nLG-IL-2 and nLG-SB groups removed from mice seven days after treatment (same study as in Fig. 3b) . Treatment with nLG-SB significantly increased activated CD8 + populations (P < 0.05), as did treatment Data represent mean ± 1 s.d. Each group contained six mice and studies were repeated 2-3 times with similar results. The red circles highlight the population that is being quantitated in the charts. b, Absolute number of NK cells present in tumours (normalized per number of tumours) for the study shown in a. Compared with the empty particle group, significantly more NKs were present in the lungs following treatment by nLG-SB + IL-2 (P < 0.05, *), nLG-SB (P < 0.05, *), and nLG-IL-2 (P < 0.01, **). c, Absolute number of NK cells present in tumours (normalized per tumour mass) for the same study as in Fig. 3b . The nLG-SB + IL-2-treated group has significantly more NKs than the control group (P < 0.01, **), the SB-treated group (P < 0.05, *), and the IL-2-treated group (P < 0.01, *). Error bars represent ± 1 s.d. averaged across six (nLG-empty), ten (nLG-IL-2), nine (nLG-SB) and ten (nLG-SB + IL-2) mice. Each group initially contained ten mice. d, Comparison of tumour masses from wild type (WT) or NK-depleted (NKD) mice euthanized seven days after initial treatment. The nLG-SB + IL-2-treated WT group has significantly smaller tumours than all other treatment groups (P < 0.001, ###). The NKD nLG-SB and nLG-SB + IL-2 groups have significantly larger tumours than their WT counterparts (both P < 0.001, * * *). Studies were repeated 2-3 times with similar results.
